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We investigated the near-field radiative heat transfer between general materials and metamaterials. We studied the effects of 
metamaterial parameters on the radiative heat exchange and used three kinds of natural or artificially-constructed materials such 
as Al, boron-doped Si and metamaterials as examples. We calculated and analyzed the near-field radiative heat transfer processes 
between two semi-infinite bodies. The numerical results indicate that the radiative heat exchange between the two different mate-
rials may be less or more than the radiative heat exchange between the corresponding identical materials. It was found out to de-
pend on the radiative properties of the materials. The work would provide a valuable reference for the selection of practical mate-
rials. 
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The swift advancement of micro/nanotechnology strongly 
encourages the development of highly-efficient miniature 
energy conversion and utilization devices [1–4] in which 
microscopic thermal transport is very complicated and 
needs to be considered [5]. Meanwhile, the appearance of a 
variety of man-made materials brings new challenges in 
near-field thermal radiation. 
As an important part of the micro/nanoscale radiative 
heat transfer, various aspects of near-field radiative heat 
transfer has been studied by many scholars [6–18]. From 
their investigations we know that the macroscopic thermal 
radiation law fails to describe the radiative heat transfer 
processes at the subwavelength scale. Additionally, the 
near-field radiative heat transfer rate between two closely 
spaced bodies may increase by several orders of magnitude 
compared with that between two blackbodies at the macro-
scopic level because of near-field effects such as wave in-
terference, photon tunneling and the excitation of surface 
waves [6–18]. Recently, the near-field radiative heat trans-
fer between two metamaterials was studied theoretically by 
Joulain et al. [19] and they found that the excitation of sur-
face waves during TE polarization and the ferromagnetic 
behavior of the metamaterials will result in new channels 
for heat transfer and will enhance the radiative heat transfer. 
Therefore, the near-field radiative heat transfer becomes 
much more complicated because of the presence of meta-
mataterials. However, some interesting questions arise such 
as the type of effects that may be induced by the parameters 
of metamaterials on the near-field radiative heat transfer, 
the results of the near-field radiative heat transfer between 
metamaterials and nonmagnetic materials (i.e. relative per-
meability μ=1) and the difference in the near-field radiative 
heat transfer compared with that between the corresponding 
identical metamaterials or between the corresponding iden-
tical nonmagnetic materials. Wang et al. [12] analyzed the 
effects of material parameters as well as the temperature on 
the near-field heat transfer between the two identical normal 
materials using the Drude and Lorentz models. Fu and 
Zhang [20] comprehensively investigated the near-field 
radiative heat transfer between silicon surfaces with varying 
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doping concentrations. Joulain et al. [19] studied the near- 
and far-field radiative heat transfer between two semi-infinite 
magnetodielectric materials by a combination of fluctua-
tional electrodynamics and the fluctuation-dissipation theo-
rem and found that the radiative heat transfer increases in 
the near field when surface waves are excited. Little atten-
tion has been paid to the near-field radiative heat transfer 
between two surfaces with dissimilar materials, especially 
between metamaterials and non-magnetic materials. A study 
into these properties will provide a valuable reference for 
the selection of material pairs in microscaled energy con-
version devices such as thermophotovoltaic (TPV) systems. 
We mainly investigated the radiative heat exchange be-
tween two semi-infinite bodies made of different materials 
including natural and artificial materials and we paid special 
attention to the effects of the metamaterial parameters on 
the near-field radiative heat exchange between two semi- 
infinite surfaces separated by a vacuum gap. The three types 
of materials used were Al [14,21], Si-19 (which refers to 
boron-doped Si at a concentration of 1019 cm−3 [12]) and 
metamaterials. 
1  Mathematical model 
The structural model is shown in Figure 1. We concentrated 
on the radiative heat flux between two semi-infinite bodies 
(media 1 and 3) separated by a vacuum gap (medium 2). 
Media 1 and 3 are maintained at temperatures T1 and T3, 
respectively. Because of the presence of fluctuating electri-
cal and magnetic current sources in materials at tempera-
tures higher than 0 K, fluctuating electromagnetic fields are 
present inside as well as outside the material, and thermal 
radiation takes place [22]. The fluctuating electromagnetic 
field is calculated using fluctuating-dissipation theory [23] 
and Maxwell’s stochastic equations, which is constructed by 
adding extra fluctuating electrical and magnetic current 
sources into Maxwell’s equations [22]. The spectral heat 
flux transferred to medium 3 because of the fluctuating cur-
rent and magnetic current sources in medium 1 can be di-
vided into two parts: One is due to the electric current 
source in medium 1 and the other is due to the magnetic 
current source in medium 1 [24]. The following expression 
is obtained [24]: 
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Figure 1  Schematic of the structure considered: the radiative heat flux is 
calculated between medium 1 and medium 3 with temperatures of T1 and 
T3, respectively. The vector R
G
represents the direction ˆ ˆxx yy + where xˆ and 
yˆ respectively represent the unit vectors in the x and y directions. 
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Eq. (1) shows the contribution of the electric current 
source in medium 1 and eq. (2) shows the contribution of 
the magnetic current source in medium 1 [24]. In eqs. (1) 
and (2), ε0 and μ0 respectively stand for the permittivity and 
permeability of the vacuum while ε and μ respectively are 
the relative electric permittivity and relative magnetic per-
meability. The subscripts 1 and 3 respectively represent 
media 1 and 3 and the superscript * indicates a conjugated 
complex. Im and Re respectively represent the imaginary 
part and real component of the complex functions. 
2
0 0oi i ik ω ε ε μ μ= ±  and 2 20 0 ,i i iγ ω ε ε μ μ β= ± −  where 
β is the parallel wave vector component. The signs for koi 
and γi follow those given in [25,26]. 3eA , 3eC , 3mA  and 
3
mC  are coefficients that can be determined by the transfer 
matrix method [27]. Θ (ω,T1) is the mean energy of a Planck 
oscillator at the frequency ω. Details for the formulations 
can be found in [24]. A similar method can be applied to a 
calculation of the spectral heat flux that is transferred to 
medium 1 because of the fluctuating current and magnetic 
current sources in medium 3. The difference between these 
two radiative heat fluxes is the net spectral radiative heat 
transfer between the two surfaces. The total net radiative 
heat transfer can be obtained by integrating over the fre-
quency ω from zero to infinite. 
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2  Results and discussion 
2.1  Relative electric permittivity and relative magnetic 
permeability models for metamaterials 
It is well known that metamaterials belong to a new class of 
electromagnetic composite materials and can exhibit a host 
of novel properties such as negative relative dielectric per-
mittivity (ε ), negative relative magnetic permeability (μ ) 
and a negative refraction index [28–32]. The metamaterial 
is both dispersive and dissipative and generally its relative 
dielectric and magnetic is complex and dependent on fre-
quency [19,33,34]. For metamaterials made from an artifi-
cial array of wires and a split ring the effective relative 
permittivity and permeability can be expressed as [19,30,31, 
33,35,36] 
 ( ) 221 ,p
ei
ωε ω ω γ ω= − +  (3) 
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where F is the area proportionately occupied by the split 
ring in the unit cell, ωp is the effective plasma frequency, ωo 
is the resonance frequency, and γe and γm are the scattering 
rates [19,35,36]. By algebraic manipulations the real and 
imaginary parts of the relative permeability (μ=μ′ + iμ″) can 
























Therefore, μ″ is always greater than 0 for ω>0 and is equal 
to 0 when ω=0. By setting μ′<0, one can get 
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From eqs. (5a) and (6) it is clear that μ′<0 occurs in a fre-
quency band above ωo or it does not occur, which is deter-
mined by the parameters F, γm and ωo. Since eq. (3) is simi-
lar to the Drude model, a detailed analysis of the influence 
of γe on ε has been given in [12,13]. 
Figure 2 shows the influence of γm and γe on the near- 
field radiative heat flux between two identical semi-infinite 
metamaterial bodies with a vacuum gap d=10 nm for the 
parameters ωp=1014 rad/s, ωo=0.4ωp, and F=0.56. Figure 2(a) 
corresponds to the influence of γe on the body with 
γm=0.01ωp and Figure 2(b) corresponds to the influence of 
γm on the body with γe=0.01ωp. The numerical calculation 
was conducted under the condition that the temperatures of  
 
Figure 2  The effects of scattering rate on the spectral heat flux between two 
identical semi-infinite metamaterial bodies at the gap d=10 nm with ωp=1014 
rad/s, ωo=0.4ωp and F=0.56. (a) The effect of γe; (b) the effect of γm. 
the two surfaces were maintained at T1=300 K and T3=0 K, 
respectively. As shown in Figure 2, the first peak at lower 
frequency ω=4.717×1013 rad/s comes from the excitation of 
the surface waves in TE polarization and in a narrow fre-
quency band around ω=4.717×1013 rad/s while there is a 
large number of electromagnetic states, which results in a 
high amount of radiative heat transfer and is referred to as 
the resonance of the flux [19,24,37]. Similarly, the second 
peak at higher frequency ω=7.075×1013 rad/s is due to the 
excitation of surface waves during TM polarization and the 
resonance of the flux [19,24,37]. It should be noted that 
since μ′<0 does not occur for γm=0.5ωp the dispersion rela-
tionship for the excitation of surface waves in TE polariza-
tion (i.e. μ2γ1 + μ1γ2 = 0) cannot be satisfied. Therefore, no 
peak is present as a result of the excitation of surface waves 
in TE polarization for the curve corresponding to γm=0.5ωp 
in Figure 2(b). Furthermore, Figure 2 reveals that the fre-
quencies of the peaks because of the excitation of surface 
waves during TE polarization in the spectral heat flux re-
main at the same locations. Similarly, the frequencies of the 
peaks that are due to the excitation of surface waves during 
TM polarization in the spectral heat flux are at the same 
locations. Both the parameters, γm and γe, have little influ-
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ence on the locations of the peaks. The parameter γe mainly 
determines the sharpness of the peak of heat flux because of 
the excitation of surface waves in TM polarization and this 
has little effect on the sharpness of the heat flux peak be-    
cause of the excitation of surface waves during TE polariza-     
tion. On the contrary, the parameter γm mainly determines 
the sharpness of the heat flux peak because of the excitation 
of surface waves in TE polarization and this has little effect 
on the sharpness of the heat flux peak because of the excita-     
tion of surface waves during TM polarization. For a small γe 
the corresponding heat flux peak is very sharp, which is 
similar to that obtained in [12]. For a small γm the corre-      
sponding heat flux peak is also very sharp. 
2.2  Near-field radiative heat transfer between two 
surfaces with a different materials assembly 
The near-field radiative heat transfer between the two semi- 
infinite surfaces mode of a dissimilar materials assembly is 
more complicated than that discussed in the preceding sec-     
tion and they may exhibit quite different features. The 
presence of metamaterials further complicates the near-field 
radiative heat transfer. This section is devoted to a detailed 
analysis of the near-field radiative heat transfer between two 
semi-infinite bodies made of different materials. In the sub-     
sequent calculation the temperatures of the two semi-infinite 
bodies are respectively maintained at T1=300 K and T3=275 K. 
Although one may exchange the materials of medium 1 and 
medium 3, the expression for the net heat flux from medium 
1 to medium 3 is formally identical, which has been shown 
in [19]. 
Figure 3 shows the spectral net radiative heat flux be-     
tween the two semi-infinite bodies with the vacuum gap 
d=1 μm for several different combinations of metamaterials 
and Si-19. Note that since the vacuum gap d=1 μm is com-     
parable to the characteristic wavelength of thermal radiation 
for the given temperatures the near-field effect on the radia-    
tive heat transfer between the two surfaces can be clearly 
identified. Meanwhile, the vacuum gap d=1 μm is not too 
much smaller than the characteristic wavelength for the 
given temperatures. On the other hand, the far-field contri-     
bution may be considered as well. Therefore, the radiative 
heat exchange phenomena at the vacuum gap d=1 μm may 
be more complicated than that for a much smaller vacuum 
gap such as a nanometer gap where the near-field effect is 
dominant in the radiative heat flux. The selected parameters 
for the metamaterial as described by eqs. (3) and (4) are 
ωp=1014 rad/s, ωo=0.4ωp, γe=γm=0.012ωp and F=0.56. The 
selection of these parameters for the metamaterial should 
match the given temperature range of media 1 and 3, which 
does not rely on the state of the art technology limitation. 
The parameters of the non-magnetic material Si-19 are ob-     
tained from the Drude model ( ) 22 pi
ωε ω ε ω γω∞= − + with  
ε (∞)=11.7, ωp=3.42×1014 rad/s and γ =6.12×1012 rad/s [12]. 
Note that to highlight the effects of the surface phonon po-
lariton resonance, the value of parameter γ =6.12×1012 rad/s 
is taken to be one tenth that in [12]. For simplicity, the ma-
terial described by these parameters is still referred to as 
Si-19 in the following text. For the curve corresponding to 
case 1 (as shown in Figure 3), three peaks are present that 
correspond to the frequencies ω1=4.01×1013 rad/s, 
ω2=4.71×1013 rad/s and ω3=7.707×1013 rad/s, respectively. 
The radiative heat transfer mainly increases because of the 
excitation of surface waves in TE polarization around ω2 
and the excitation of surface waves in TM polarization 
around ω3 [19,24]. The tiny peak at ω1 is due to the asymp-
totic behavior in TM polarization around ω=ωo where the 
relative permeability is very large [19,24]. For the curve 
that corresponds to case 3, the radiative heat transfer is 
greatly enhanced because of the excitation of surface waves 
during TM polarization around ω=9.58×1013 rad/s [12]. For 
the curve that corresponds to case 2 all the properties are 
retained for the two cases discussed above but the increases 
that result from these properties all decrease. The main rea-
son is that the dissimilar materials cause the frequency band 
of the high radiation emission to be different from those of 
high absorption (i.e. ( ) ( ), ,21 23Im Ims p s pr r≠ ) [37,38]. Note 
that the excitation of the surface waves for TE polarization 
only occurs at the metamaterials/vacuum interface for case 
2 while excitation occurs at both the metamaterials/vacuum 
interfaces for case 1 and the two surface waves get coupled 
[24]. As shown in Table 1, it is also noteworthy that the 
total heat flux for case 2 is much lower than that for the 
other two cases. 
To further understand the effect of surface waves on the 
radiative heat transfer between the two semi-infinite bodies, 
the radiative heat flux can be plotted as a function of fre-
quency ω and the parallel wave vector component β. As 
shown in Figure 4, the angular frequency ω is normalized to  
 
Figure 3  The spectral net radiative heat flux between the two semi-infinite 
bodies with the gap d=1 μm for different assemblies of the metamaterial 
and Si-19. 
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Table 1  Comparison of the radiative heat flux among the different material assemblies and gaps 
Material assembly Heat flux at d=1 μm (W/m2) Heat flux at d=10 nm (W/m2) 
Metamaterial and metamaterial 396.377 3493366.822 
Metamaterial and Si-19 46.870 165643.529 
Metamaterial and Al 6.850 127615.333 
Si-19 and Si-19 325.423 875797.090 
Si-19 and Al 5.819 385.492 
Al and Al 4.215 111923.507 
 
 
Figure 4  Spectral distribution of the net radiative heat flux (in log-scale) 
from medium 1 to medium 3 as a function of the parallel wave vector 
component β and the frequency ω at a gap of 1 μm. (a) The assembly of 
the metamaterial and metamaterial; (b) the assembly of the metamaterial 
for medium 1 and Si-19 for medium 3; (c) the assembly of Si-19 and Si-19. 
the effect plasma frequency ωp=1×1014 rad/s and the parallel 
wave vector component β is normalized with respect to the 
wave vector in vacuum βv, i.e. βv=ω/c. Figures 4(a)–(c) 
correspond to cases 1–3, respectively, in Figure 3. Five dis-
persion curves are present in Figure 4(a). Curves a2 and a3 
represent the effects of the excitation of surface waves dur-
ing TE polarization. Curves a1, a4 and a5 represent the ef-
fects of the excitation of surface waves in TM polarization. 
Curve a1 becomes flatter as β increases because of the as-
ymptotic behavior at ω=ωo resulting in a tiny heat flux peak 
for case 1 in Figure 3 [19,24]. The radiative heat transfer is 
greatly enhanced by the excitation of surface waves during 
the TE and TM polarizations. As shown in Figure 4(b), if 
one of the semi-infinite bodies is made of Si-19 instead of 
the metamaterial two curves, a2 and a5, appear in Figure 4(a) 
and disappear in Figure 4(b) because of the alteration of the 
surface waves excitation as a result of the dissimilar materi-
al assembly. Additionally, the intensities of the radiative 
heat transfer for curves a1, a3 and a4 as shown in Figure 4(b) 
are greatly diminished, which results in a larger decrease in 
the radiative heat exchange between the two surfaces. 
Although the radiative heat transfer is enhanced by the 
excitation of surface waves during TM polarization because 
of the presence of Si-19, such an increase is not large 
enough to balance these decreases because of the dissimilar 
material assembly. Therefore, in Figure 3 the total radiative 
heat exchange that corresponds to case 2 is much smaller 
than that for case 1. As shown in Figure 4(c), for the case 
where both surfaces are made of Si-19, the radiative heat 
transfer is greatly enhanced by the excitation of the surface 
waves of Si-19 during TM polarization where the frequency 
is less than 9.97×1013 rad/s. Furthermore, one can also see a 
remarkable enhancement at higher than 9.97×1013 rad/s, 
which is due to the higher ( )21Im sr  and ( )21Im pr  values in 
these ranges. By a comparison of the curves in Figure 4(b) 
and (c), a curve that corresponds to the excitation of surface 
waves in TM polarization in Figure 4(c) at less than 
9.58×1013 rad/s vanishes in Figure 4(b). Additionally, the 
intensities of the increase in radiative heat transfer because 
of the surface waves during TM polarization and because of 
the higher values of ( )21Im sr  and ( )21Im pr  at higher than 
9.58×1013 rad/s in Figure 4(c) are greatly diminished in 
Figure 4(b), which results in a greater decrease in radiative 
heat transfer for the dissimilar material assembly. On the 
other hand, although the radiative heat transfer is also en-
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hanced by the excitation of surface waves during TE- and 
TM-polarization because of the presence of metamaterials, 
such an increase is not large enough to balance the decrease 
that results from the dissimilar material assembly. Therefore, 
the total heat exchange for case 2 in Figure 3 is much lower 
than that for the other two cases that correspond to the same 
material assembly.  
To estimate the near-field effect, a further calculation 
was carried out for the situation where the vacuum gap be-
tween the two surfaces was 10 nm for the above-mentioned 
three material assemblies. As shown in Figure 5, with a de-
crease in the width of the vacuum gap, the near-field effect 
becomes stronger and more remarkable so that the radiative 
heat exchange between the two surfaces is dominated by 
evanescent waves (i.e. photon tunneling) [39]. A compari-
son between the curves in Figure 5 and those in Figure 3 
reveals that the total radiative heat exchange flux for the 
three types of material assemblies for the 10 nm gap is 
much larger than that of the corresponding 1 μm gap, as 
shown in Table 1. The data listed in Table 1 more clearly 
explains the near-field effect on the radiative heat transfer 
between the two semi-infinite surfaces. Because of the 
strong near-field effect at the 10 nm gap some of the phe-
nomena observed in Figure 3 become submerged and some 
peaks in the curves in Figure 3 disappear in Figure 5. The 
assembly of the metamaterials and Si-19 may be used as an 
example to further explain the near-field effect. As shown in 
Figure 6, the increase because of the excitation of the sur-
face waves during TE polarization is smaller because of the 
excitation of the surface waves during TM polarization at 
the matematerial/vacuum interface when the gap was 10 nm. 
This was not observed in Figure 5 although it does exist, 
which means that for this different materials assembly with 
a 10 nm gap the TM-wave contribution is a dominant factor 
for the radiative heat transfer flux. Additionally, the en-
hancement because of the asymptotic behavior during TM 
polarization at ω=ωo becomes negligible for both the assembly  
 
Figure 5  The spectral net radiative heat flux between the two semi-infinite 
bodies with the gap d=10 nm for the different assemblies between the 
metamaterial and Si-19. 
 
Figure 6  The TE- and TM-wave contributions to the spectral radiative 
flux and the total spectral radiative flux where the metamaterial is for me-
dium 1 and Si-19 for medium 3 with the gap d=10 nm. 
cases wherein the metamaterial is involved if the vacuum 
gap is 10 nm since the corresponding tiny peaks cannot be 
found in the corresponding curves in Figure 5 [19,24]. 
Figure 7 reveals the spectral net radiative heat flux be-
tween two semi-infinite bodies with the vacuum gap d=1 μm 
for the three different combinations of metamaterial and Al. 
The parameters for Al is described by the Drude model 
( ) 22 pi
ωε ω ε ω γω∞= − +  with ω∞=1, ωp=2.4×10
16 rad/s and 
γ =1.25×1014 rad/s [14,21] while the parameters for the 
metamaterials is identical to that in Figure 3. In Figure 7, 
case 1 was discussed above. Case 2 is where medium 1 is 
the metamaterial and medium 3 is Al. In this case, the ef-
fects of the excitation of the surface waves of the metamate-
rial during TE polarization on heat transfer are preserved 
but greatly diminished and during TM polarization they are 
almost eliminated, as shown in Figure 8. Therefore, the 
spectral heat flux is drastically reduced at frequencies high-
er than 4.71×1013 rad/s for case 2 in Figure 7. Note that  
 
Figure 7  The spectral net radiative heat flux between two semi-infinite 
bodies with the gap d=1 μm for different assemblies of the metamaterial 
and Al. 
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Figure 8  The TE- and TM-wave contributions to the spectral radiative 
flux and the total spectral radiative flux where the metamaterial is for me-
dium 1 and Al for medium 3 with the gap d=1 μm. 
although surface plasmon polaritons also possibly excite at 
the Al/vacuum interface, the excitation frequency is not in 
the frequency domain where the contribution to the heat 
flux is significant for the given temperature and it has little 
influence on the radiative heat transfer [14]. It is empha-
sized that the radiative heat transfer for the metamaterial- 
metamaterial assembly is the highest among all three types 
of material assemblies. Further calculations for the three 
possible assemblies of Al and metamaterial at the 10 nm 
gap was carried out to understand the near-field effect, as 
illustrated in Figure 9. A similar phenomenon to that ob-
served for the same material assembly at the 1 μm gap was 
obtained but the near-field effect becomes more evident. 
The effect of the excitation of surface polaritons during TM 
polarization was not observed for case 2. Note that in cases 
2 and 3, both the radiative heat transfers are dominated by 
the TE-wave contribution. The presence of Al drastically 
reduces the TM-wave contribution to the radiative heat flux. 
The material assembly of Al and the metamaterial leads to 
quite a different radiative heat transfer phenomenon from  
 
Figure 9  The spectral net radiative heat flux between the two semi-infinite 
bodies with the vacuum gap d=10 nm for the different assemblies of met-
amaterials and Al. 
that observed for the above-mentioned assemblies of Si-19 
and the metamaterial. The radiative heat transfer for the 
former is dominated by a TE-wave contribution and that for 
the latter is dominated by a TM-wave contribution. 
We will now discuss the near-field radiative heat transfer 
for the assembly of Al and Si-19. Figure 10 shows the spec-
tral net radiative heat flux between the two semi-infinite 
bodies with the vacuum gap d=10 nm for the three different 
combinations of Si-19 and Al. It is clear that the radiative 
heat exchange for case 2 is much smaller than that for cases 
1 and 3. The total radiative heat flux for cases 1 and 3 are 
several orders of magnitude higher than that for case 2. The 
main reason is that the effects of the excitation of surface 
polaritons of Si-19 during TM polarization decreases greatly 
because of the presence of Al and there are no other effects 
of the excitation of surface polaritons during TE or TM po-
larization to enhance the radiative heat transfer in the ther-
mal frequency band for case 2. 
3  Conclusions 
We investigated the near-field radiative heat transfer be-
tween two semi-infinite surfaces made from different mate-
rials assemblies of Al, boron-doped Si and metamaterial. 
The effects of the material parameters γe and γm on the radi-
ative heat transfer are discussed. The results show that both 
the parameters γe and γm have little influence on the loca-
tions of the peaks. They mainly determine the sharpness of 
the heat flux peak because of the excitation of surface 
waves during TM polarization and TE polarization, respec-
tively. 
Among all the material assemblies, the radiative heat 
transfer for the assembly of the metamaterial-metamaterial 
is the highest. Compared with the radiative heat transfer of 
two surfaces made from the same material assembly, the 
radiative heat exchange between two dissimilar materials 
can be decreased or increased, which is dependent on the  
 
Figure 10  The spectral net radiative heat flux between two semi-infinite 
bodies with the gap d=10 nm for different assemblies of Si-19 and Al. 
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material characteristics. If the material assembly is the 
metamaterial and Si-19, the mismatch between the spectral 
bands of high radiation emission and high absorptance may 
drastically reduce the radiative heat flux and the radiative 
heat transfer and it is much smaller than that for the same 
material assembly of the metamaterials or Si-19. 
The presence of Al in a material assembly can drastically 
reduce the TM-wave contribution to the radiative heat flux. 
Therefore, the radiative heat transfer between the met-
amaterial and Al is much smaller than that between the two 
metamaterials because of the intensive reduction of the TM 
contribution. The radiative heat transfer between Al and the 
non-magnetic material Si-19 is also much smaller than that 
between the identical Si-19 because the assembly of Al and 
Si-19 suppresses the excitation of the surface polaritons in 
TM polarization. 
This work was supported by the National Natural Science Foundation of 
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